Purpose: The objective of this study was to compare the ground reaction forces (GRFs) and the multi-segment foot motion between individuals with plantar fasciitis (PF) and healthy controls. Methods: Twenty-one individuals with PF and 21 matched-case healthy controls who passed the criteria participated in the study. Gait data were assessed during their self-selected comfortable speeds by the 3D motion analysis system. The multi-segment foot motions were determined by the Oxford Foot Model. Outcome measures included the vertical and antero-posterior ground reaction forces (GRFs) and the multi-segment foot motions [the dorsiflexion (DF), plantarflexion (PF), inversion (Inv), eversion (Eve), adduction (Add), and abduction (Abd) peak angles for the forefoot with respect to hindfoot (FFHF) and the DF, PF, Inv, Eve, internal rotation (IR), and external rotation (ER) peak angles for the hindfoot with respect to tibia (HFTB) as well as their ranges (R)]. Results: Comparisons between individuals with PF and healthy controls showed no significant differences in any of the GRFs. Significant reductions were found in the FFHF-DF, FFHF-DF-R, FFHF-Inv, and HFTB-Inv/Eve-R in individuals with PF. In addition, there were tendencies of the increased angles of the FFHF-PF, HFTB-DF, HFTB-Inv, and HFTB-ER, but not significantly for individuals with PF, compared to healthy controls. Conclusions: Adaptations of the intra-foot motion showed the reduction of some angles but no change for the GRFs in individuals with PF compared to the healthy controls when both groups walked at a similar gait speed.
Introduction
Plantar fasciitis (PF), is one of the foot pathologies that can cause difficulty, activities limitation, discomfort, and disability [2] . The common clinical manifestation that indicates this disease is pain under the heel, especially at the calcaneal origin of the plantar fascia. The symptom leads to individuals being unable to perform weight-bearing activities such as standing, walking, or running for a prolonged period [2] . Individuals with PF usually complain about heel pain at the first step in the morning or after a prolonged period of resting, as well as having sharp pain when palpating at the medial plantar calcaneal area. This heel pain may disappear after rest but it can appear again after performing excessive activities.
The PF can occur in either athletic or non-athletic populations and both sexes, but frequently present in the active workers aged between 25 and 65 years [5] , [20] . The prevalence study of foot and ankle diseases in 784 multiethnic community-dwelling older adults aged 65 or more years reported that 7% of people have pain under the heel [6] . Individuals who develop the symptom into the chronic stage, usually have restriction in physical activities, social participation, and quality of life [10] .
The PF is caused by excessive strain, repetitive microtrauma, or inflammation of the plantar fascia [25] . It involves several risk factors such as foot alignment, intrinsic and extrinsic foot muscle strength and endurance, obesity, increasing age, poor footwear, high physical activity level or excessive duration of weight-bearing activity, and overtraining, [2] , [10] , [19] . However, the evidence of these risk factors' relationship in PF is insufficient, as it is based on very few studies, small sample size, and controversial findings [15] , [25] .
The anatomical and biomechanical factors associated with PF is still unclear, although they are thought to be the crucial factors causing the symptom. According to the changes of these factors, as reported in previous studies, it was possible that PF is associated with flattening of the medial longitudinal arch [4] , [18] , changing of foot alignment, and reduction of ankle, subtalar and metatarsophalangeal joint range of motions [2] , [10] , [19] . Currently, only one study investigated the multi-segment foot motion in individuals with PF [4] . There are a number of studies about ground reaction forces (GRFs) [11] , [13] , [28] . However, there were controversial findings of the GRFs. Some studies reported the vertical GRF was unchanged in individuals with PF during gait [13] , [28] , while another reported a change in the peak magnitude [11] . This difference may result in a lack of control of gait speed during testing because individuals with PF usually walk with slow speed to prevent pain aggravation. It is known that gait speed can affect the motion and GRFs [27] . So, it is interesting to investigate the actual biomechanical changes of foot motion under the natural walking condition with the similar walking speed of individuals with PF, and matched healthy controls.
The aim of the present study was to investigate the multi-segment foot motion and GRFs in individuals with PF, compared to the healthy controls. We hypothesized that there would be differences in the multi-foot motions and GRFs between individuals with PF compared to the healthy controls.
Materials and methods
This study was a matched case-control design which was conducted from June 2017 to August 2018. The study protocol was approved by the institutional research committee board (COA no: MU-CIRB 2016/173.3012), all participants were informed about the study details and gave their informed consent before participating in the study.
Participants
Individuals with PF were recruited into the study from the Physical Therapy Center, Faculty of Physical Therapy, Mahidol University. They were screened in accordance with the study criteria by physical therapists with more than 5 years of experience in the musculoskeletal field. The inclusion criteria included: aged between 20-80 years, a history of PF at least 1 month before enrollment, experienced pain or tenderness at the medial calcaneal tubercle or on the proximal part of plantar fascia, at least one of the clinical complaints (pain during the early steps in morning or after prolonged sitting, pain during performed a prolonged weight-bearing activities such as standing, walking, or running). They were excluded if they presented any coexisting painful conditions at the parts of lower extremity or back regions, a history of rheumatoid arthritis, neurological or vascular disease, leg length discrepancy more than 1 cm, severe pain and unable to walk. As far as the healthy controls are concerned, they were included if they had no past or present history of the PF symptoms and no foot pain. The criteria for exclusion were the same as individuals with PF.
Forty-five individuals with PF passed the screening criteria. Due to gait requiring a well-coordinated control of both lower limbs' movement, biomechanical variables of gait may vary between those with unilateral or bilateral symptoms. Only 21 individuals with unilateral PF were selected to compare the multi-segment foot motions, classified into the data of symptomatic and asymptomatic sides. According to the gender, age, weight, and height could affect the biomechanical gait variables, so, these factors were matched between individuals with PF and the healthy controls.
Data collection
The motion capture system was calibrated prior to the data collection process. Participants changed their clothes to the close-fitting and sleeveless shirt and short pants. The anthropometric data including the height, weight, leg length, and the widths of knee and ankle were obtained to calculate the joint centres for each participant. Then, 42 retro-reflective markers with 9 mm in diameter were attached on the pelvis and both sides of the lower extremities and feet following the Oxford Foot Model (OFM) in combination with the Plug-In-Gait (PIG) [30] to obtain the multi-segment foot motion and gait parameters by an experienced investigator. To create the foot segments, markers were placed on the most distal, medial aspect of the first metatarsal shaft, the most proximal and distal lateral aspects of the fifth metatarsal shaft, and midway between second and third metatarsal heads to define the forefoot segment. For the rearfoot segment, markers were placed on sustentaculum tali, lateral calcaneus, heel (distal part of the calcaneus), posterior proximal calcaneus, and a peg marker was placed on posterior calcaneus between heel and proximal calcaneus markers. For the tibial segment, markers were placed on medial malleolus, lateral malleolus, anterior aspect of tibial crest, tibial tuberosity, and head of fibula. Prior to the data testing, a static standing still trial was captured for each participant. After that, the 6 markers (first metatarsal shaft, proximal posterior calcaneus, and medial malleolus from both sides) were removed after the static subject calibration trial was completed [24] .
The OFM was developed and validated by the Nuffield Orthopeadic Centre in collaboration with Oxford University [3] , [24] . It was modified and proved to be applicable with good reliability for healthy and deformed conditions both in the children and adults [24] , [30] . The repeatability of OFM markers placement from our experienced investigator was performed prior to the study begin. The test-retest reliability was assessed in 10 healthy young adults over their comfortable gait speed and demonstrated good to excellent reliability (ICC 3,1 of 0.738-0.922) for the FFHF and HFTB motions.
Ten high-speed infrared cameras (Vicon TM , Vantage V5 series, Oxford, UK) synchronized with the 2 force plates (AMTI, model OR6-7, USA) with sampling rates at 100 Hz for motion and 1000 Hz for force data. Data were recorded during standing for 3 sec as a static subject calibration and during walking trials over the 8-m walkway. Participants practised their walking for 2-3 trials to familiarize themselves with the environment and laboratory setting prior to collecting the real data. To prevent causing additional pain from the testing in individuals with PF, the data were collected for 3-5 successful gait trials at the individual's natural comfortable speed. Due to the effect of gait speed on the other kinematic and kinetic data, 2 trials of gait that represented a similar speed and cadence to the matched-pairs healthy controls were selected for further analyses. The averaged data from these 2 selected trials were used in the comparisons.
Data processing
The kinematic data was tracked using the Nexus software (version 2.8.1). The kinematic and kinetic data were filtered by the 4 th order zero-lag, low-pass Butterworth technique at cut off frequencies of 6 Hz and 30 Hz, respectively. The cut off frequency for the data was tested by the residual analysis with the following formula [29] ;
where: f c = the cutoff frequency of the fourth-order dual--pass filter, X i = raw data at i-th sample,  X  = filtered data at the i-th sample using a fourth--order zero-lag filter. Temporo-spatial gait parameters and kinematic data were collected from two successful trials. Initial contact and toe-off events for each foot were identified from the force plate record. The kinematic and kinetic data were normalized over a gait cycle by using MATLAB software (released R2013a, USA, license number 891627).
Outcome measures
The outcome measures of the study composed of the GRFs (vertical force during propulsion phase, braking, and propulsive forces [N/kg]) and the peak angles of the multi-segment foot motions (degrees) in three planes of movement as well as their ranges (the maximum to minimum values). The full and abbreviated names of the multi-segment foot motions are addressed in Table 1 . 
Statistical analysis
All statistical data analyses were performed using IBM SPSS software version 20 with the p-value threshold set at 0.05. Data distribution was analyzed by the Kolmogorov-Smirnov Goodness-of-Fit test. Demographic data between patients with PF and healthy controls were tested by the independent sample t-test, Chi-squared test, and Fisher Exact test, according to the scale type. Comparisons of the temporo-spatial and the multi-segment foot motion variables among symptomatic and asymptomatic sides of the individuals with PF and the data from healthy controls were tested by one-way analysis of variance (ANOVA). If the comparison data showed the p-value <0.05, this led to the potential of confidence to reject the null hypothesis. Then, the least significant difference (LSD) post-hoc analysis was used to quantify the pair of difference.
Sample size estimation
The required sample size of 20 per group was calculated based on our own pilot data with the comparisons of the FFHF-R angle between the symptomatic side of individuals with PF (n = 10) and the healthy controls (n = 10). Means and standard deviations for individuals with PF and healthy controls were 15.28  2.76 and 18.22  4.24 degrees, respectively. By using the G*Power program version 3.1.9.2 with the function of t-test, means: difference between two independent means and a priori chosen for power of analysis. The alpha error and power were set at 0.05 and 0.8, respectively.
Results

Characteristics of the participants
Twenty-one individuals with PF and 21 healthy controls participated in the study. The means and standard deviations of age, weight, height, body mass index (BMI), clinical onset, and pain at the morning and at the worst as well as the numbers and percentages of sex, dominant side and symptom side are presented in Table 2 . Comparison of the demographic data showed no differences ( p > 0.05) in age, weight, height, sex, BMI, and side of dominant between testing groups. 
Patterns of the ground reaction forces (GRFs) and the multi-segment foot motion
In Figures 1-3 show the patterns of the left and right sides as well as the symptomatic and asymptomatic sides for the GRFs and the angular displacements for the FFHF and HFTBnin healthy controls and individuals with PF, respectively, are shown.
The graphs showed similar patterns between healthy controls and individuals with PF groups. For the GRFs, less variability was found in healthy controls than individuals with PF. The largest variations were observed in the antero-posterior and mediolateral forces. For the multi-segment foot motions (FFHF and HFTB angles) in healthy controls, the right side showed larger amplitude motion and variation in abduction-adduction for the FFHF and in inversion-eversion for the HFTB than the left side. From these findings, the averaged left and right sides data were averaged to produce the representative data for healthy controls. However, when observing between groups, the overall variability was greater in individuals with PF, especially in the symptomatic side. 
Comparisons of the temporo-spatial variables between individuals with plantar fasciitis and healthy controls
In Table 3 , comparisons of the temporo-spatial variables between individuals with PF and healthy controls are shown. There were no significant differences ( p > 0.05) of all temporo-spatial variables between the testing groups.
Comparisons of the ground reaction forces and multi-segment foot motions between individuals with plantar fasciitis and healthy controls
In Table 4 comparisons of the vertical force during propulsion, breaking and propulsive forces, as well as the multi-segment foot motions in three planes of motion between the individuals with PF and healthy controls are shown. For the GRFs, there was a slight reduction, but not significant for the vertical force in individuals with PF, compared to the healthy controls. The greater variability of all testing variables were found in individuals with PF, especially in the symptomatic side. For the multi-segment foot motion, most of the variables showed lesser angles for individuals with PF in both the symptomatic and asymptomatic sides, compared to those of the healthy controls. Except for some variables that showed more degrees of motion but not significantly, such as the FFHF-PF, FFHF-Add, FFHF--Add/Abd-R, HFTB-DF, HFTB-Inv, and HFTB-ER angles. In individuals with PF, there was the significant reduction of FFHF-DF angle [F (2,60) = 3.141, p = 0.05]. Post-hoc analysis showed a significant difference between the symptomatic side and healthy control ( p = 0.008). In addition, a reduction was found for the FFHF-PF/DF-R angle [F (2,60) = 3.711, p = 0.03]. Post-hoc analysis showed a significant difference between the symptomatic side and healthy control ( p = 0.008). Significant reduction was found in FFHF--Inv angle for individuals with PF [F (2,60) = 4.751, p = 0.012]. Post-hoc analysis showed the significant differences between the symptomatic side and healthy control ( p = 0.006) and between the asymptomatic side and healthy control ( p = 0.018). The data also showed significant reduction of HFTB-Inv/Eve-R [F (2,60) = 3.915, p = 0.025]. Post hoc analysis showed a significant difference between the symptomatic side and healthy control ( p = 0.007).
Discussion
The control of potential confounding factors such as age, gender, weight, and height [7] was successful as there were no differences between the two groups in the demographic data. In addition, gait may vary in accordance with the different testing environments such as surfaces or testing speed [23] , [27] . Compared to walking on a treadmill, pelvic range of motion (ROM) in the frontal plane was increased but the hip ROM was decreased when walking on overground. In addition, the alteration of temporo-spatial data was found with a higher cadence when walking on a treadmill [23] . To ensure ecological validity, testing under natural walking conditions instead of using the metronome or treadmill to determine the speed was conducted. To control this aspect, we selected the trials that demon- strated a similar speed between the matched-pair of participants for the analysis. Because the demographic information was not different, the natural walking speed was somewhat similar. Although the trials were selected by speed and cadence, slightly slower gait speed and shorter stride length were found in individuals with PF, compared to the healthy controls (the difference of gait speed was 0.05 m/s or 4.5% and the difference of stride length was 0.06 m or 4.8%). However, this small difference was not likely to affect the data comparison. We compared our findings to the study of Chang et al. [4] that investigated the foot motion in individuals with PF and healthy controls, although that study tried to control the testing speed by practising until participants able to walk close to the targeted speed at 1.35 m/s. However, they still found a minimal difference in gait speed between groups at 0.03 m/s. In addition, other confounding factors such as step length and cadence, should be controlled, as suggested by the earlier studies [4] , [14] . Although we did not control these factors directly, they are influenced by the personal data and, in fact, these temporo-spatial variables were not different in the present study. Because walking is a reciprocal movement controlled by coordination between two legs, combining the data of unilateral and bilateral PF individuals may affect the results and interpretations. From the total of 45 individuals with PF who passed the criteria, only 21 with unilateral symptom were selected for the analysis in this study. Therefore, the differences found in this study provide a clearer explanation for the motion changes in individuals with PF. The participants included in this study were middle-aged to elderly and the number of women was more than men, which was consistent with the previous survey study of PF prevalence [16] , [22] . Both groups of participants were in the normal range of BMI (24.78  3.55 and 24.45  3.65 kg/m 2 for individuals with PF and healthy controls, respectively). The degree of pain for individuals with PF group in the study was moderate and the onset was varied. So, data interpretation or generalizability should consider this issue.
Ground reaction forces and the multi-segment foot motion patterns
In individuals with PF, the greater variability was observed in the antero-posterior and medio-latetal forces, whereas, the vertical force was more consis-tent. This may be due to the pain under the heel and fascia, causing the individuals with PF were unable to provide appropriately foot placement for the weight acceptance and push themselves in the forward progression, while the vertical force is the greatest force compared to the other two shear forces and does not change much during walking at the comfortable speed.
From the previous studies about the GRFs, conflicting findings were found [11] , [13] , [28] . This may be due to the difference in participant characteristics, procedure, study design, analytical process, and/or selected variables. For our results, there were no significant differences in all forces between both sides of the individuals with PF and healthy controls. This may result from the careful matching of testing speed and body weight that were implemented in this study. However, there was a tendency for adaptation in generating forces in individuals with PF. Compared to the healthy controls, the vertical force was reduced in the symptomatic side and breaking force was reduced minimally but the propulsive force was increased in both symptomatic and asymptomatic sides. This is consistent with a previous study of Liddle et al. [13] , who observed no significant difference of the vertical GRF and loading rate during walking at the preferred speed between the symptomatic and asymptomatic feet in 21 individuals with unilateral PF. The authors suggested that a single factor such as the vertical GRF did not contribute to the PF alone, and other multifactorial risks should be concerned to provide a better understanding of the aetiology and management for PF. From the case series study by Hsu et al. [8] , they also found no difference of the vertical GRF between symptomatic and asymptomatic sides of individuals with PF. In contrast to some of the previous studies that divided the areas under the foot into the analysis process, the study found a reduction in maximum vertical GRF at the heel and medial forefoot [26] as well as the forefoot and hindfoot [28] .
For the multi-segment foot motion pattern in the healthy controls, greater variability was found in the right side. This may relate to the dominant side because it acts as a pusher during walking and facilitates forward walking progression. From the literature reviews, although gait is usually assumed to be symmetry, the subtle patterns of asymmetrical behaviour may exist with both kinematic and kinetic outcomes [21] . It was found to reflect the natural different function between lower extremities in accomplishing the tasks for propulsion and controlling when walking [21] .
For individuals with PF, the motion pattern showed greater variability especially in the symptomatic side, compared to the healthy controls. This variability of motion may be caused by unpredictability of the pain level. Excessive or lack of movement control can result in the negative consequences, for instance, excessive energy consumption, increased impact force, and causing an unexpected injury.
The present study found significant reductions of FFHF-DF angle about 2.75 (19.37%) and 3.88 (27.32%) degrees for the asymptomatic and symptomatic sides of individuals with PF when compared to the healthy controls. This may be linked to the tightness of the posterior musculotendinous structures in the leg. It was thought to be one of the major contributing factors of PF development [1] , [9] , [12] . Earlier pieces of evidence reported the occurrence of tightness of the posterior lower limb muscles (gastrocnemius, soleus, and hamstring) in individuals with PF [1] , [9] , [12] . The tightness of gastro-soleus complex would increase the tension of Achilles tendon continuing to the plantar fascia, and causing the reduced degree of ankle dorsiflexion motion [17] .
In accordance with the previous results of Chang et al. [4] , there was a slight increase in the FFHF-PF angle in our study. The adaptation of this part may assist the ability of forward progression of walking by producing the ankle plantarflexor force during the push-off phase. However, the present study found the FFHF-DF/PF-R angle was reduced for individuals with PF, when a previous study [4] found increasingly. For the frontal plane motion, there were significant reductions of FFHF-Inv angle about 3.73 degrees (19.83%) and 4.37 degrees (23.33%) in the asymptomatic and symptomatic sides, compared to the healthy controls. In addition, we found the compensatory movement with a slight increase of FFHF-Add angle, but the data showed no significance.
For the HFTB angle, a slight increase in dorsiflexion, decrease in plantarflexion, and decrease in eversion were shown, especially in the symptomatic side. In addition, there was a significant reduction of HFTB-Inv/Eve-R angle for both sides of individuals with PF. This was contrary to the previous findings [4] that found an increase of total hindfoot eversion. This may be caused by the different characteristic of the participants, testing speed, and the foot model being used.
Other factors that may affect the results of the study, such as foot pattern, plantar pressure distribution, and the tightness of posterior leg muscles should be investigated to find their effects on the multi-segment foot motion for individuals with PF in the future study. Besides the multi-segment foot motion information, as presented in this study, the intra-foot kinetic data should be ex-amined to provide more understanding about the adaptation mechanism in individuals with PF.
Conclusion
There were no significant differences in any of the GRFs between individuals with PF and healthy controls. Significant reductions were found in the FFHF-DF, FFHF-DF-R, FFHF-Inv, and HFTB-Inv/Eve-R in individuals with PF. In addition, tendencies of the increased angles of the FFHF-PF, HFTB-DF, HFTB-Inv, and HFTB-ER, but not significant, were found in individuals with PF.
Gait analysis using the multi-segment-foot motion provides a better understanding of the adaptation in the various parts of the foot during gait in individuals with PF. Thus, the evaluation with biomechanical gait analysis together with the clinical measurements at before and after the intervention may assist the therapists to design a better treatment method for this population.
